How are populations of phytoplankton in the oceans regulated? Recent studies are revealing the presence of complex cell-cell and intracellular signalling mechanisms that can lead to growth regulation and even programmed cell death in response to abiotic stress and biotic interactions.
Oceanic phytoplankton play a major role in the sequestration of atmospheric CO 2 . The importance of physical factors in determining phytoplankton growth and distribution patterns have long been acknowledged. Variations in the supply of nutrients (most notably nitrogen, phosphorus, and iron) arising from differences in ocean circulation patterns, tidal fronts, and proximity to land-based nutrient sources underly considerable geographic variability and seasonal growth. Under optimal conditions, certain phytoplankton species can grow rapidly over very wide areas. This bloom-forming capacity is typical of a number of marine prokaryotic and eukaryotic phytoplankton species, including cyanobacteria, dinoflagellates, coccolithophores, and diatoms. Such rapid phytoplankton growth can lead to nutrient limitation and, ultimately, to the collapse of blooms. However, in recent years, growth suppression by nutrient limitation has been shown to be only part of the story.
A number of studies have shown that stress and nutrient limitation conditions may not only limit growth rate but also trigger mechanisms that lead to controlled growth reduction and even cell death [1] . Moreover, biotic interactions also appear to play an important role in regulating phytoplankton growth in a number of systems [1] . It is now understood that nutrient limitation and other abiotic stress stimuli, such as light limitation, can initiate intracellular signalling pathways that cause cells to undergo programmed cell death (PCD) in both eukaryotic and prokaryotic phytoplankton [2] [3] [4] . The occurrence of PCD pathways in distantly related groups, including prokaryotes, indicates that this process has deep evolutionary roots [2] . While PCD has been shown to be involved in population regulation during quorum sensing in bacteria [5] , it has not been generally recognised as an important component of population sensing in unicellular eukaryotes.
Recent work has shown that cell-cell communication within oceanic phytoplankton populations may be significantly more complex than previously thought. Moreover, the involvement of PCD in regulating population growth appears to operate during both abiotic and biotic interactions. For example, termination of bloom growth of the coccolithophore Emiliania huxleyi has been associated with viral infection [6, 7] . Indeed, it has been proposed that viral infection may be a key agent in the termination of phytoplankton blooms more generally [8] . Significantly, Bidle et al. [9] have shown that viral infection of E. huxleyi is associated with upregulation of metacaspase protein expression and increased caspase-like activity, a key component of PCD in cells.
When diatom populations are subjected to grazing by copepods they may release aldehydes that can reduce the reproductive capacity of the copepod population, potentially providing an anti-grazing strategy ( Figure 1 ) [10] . Increased aldehye production by diatoms has also been shown to occur in response to nutrient limitation [11] . Two recent key publications shed additional light on these intriguing interactions. First, Vardi et al. [12] showed that the pennate diatom Phaeodactylum tricornutum and the centric diatom Thalasiosira pseudonana responded to challenge with the aldehyde (2E, 4E/Z)-decadienal (DD) by producing nitric oxide (NO). Phaeodactylum cells expressing the luminescent aequorin calcium indicator also displayed calcium signals in response to DD challenge. At high concentrations, DD led to cell death, whereas pre-treatment with low DD concentrations could prime cells to be more resistant to DD. The downstream responses of this signalling pathway have now been dissected in more detail in a second study from the same group and reveal that the lethal effects of higher DD concentrations are indeed due to PCD. In this issue of Current Biology, Vardi et al. [13] now show that expression of the gene PtNOA1 (nitric oxide-associated protein), which encodes a GTP-binding protein belonging to the highly conserved YqeH subfamily, is increased in response to challenge with DD. By genetically manipulating Phaeodactylum cells to overexpress PtNOA1, Vardi et al. [13] have revealed a number of critical downstream responses in what appears to be a complex signalling pathway. Interestingly, PtNOA1 was shown to localise to the chloroplast. Overexpression of PtNOA1 led to increased production of NO and suppression of a plastid-localised superoxide dismutase (MnSOD) that had been shown to be an essential component of oxidative-stress responses in diatoms [14] . Other physiological effects of PtNOA1 overexpression included reduced photosynthetic efficiency, reduced growth, increased metacaspase expression and increased caspase activity. Adhesion of Phaeodactylum to its substrate was also compromised by the overexpression of PtNOA1. The authors propose that PtNOA1 acts as a switch in regulating threshold responses to environmental stress. While it is not yet known whether PtNOA1 is essential in this signalling pathway, since the gene has yet to be experimentally knocked down, this work indicates that PtNOA1 has a significant role in integrating external chemical cues with growth responses and, ultimately, cell death.
While there are many examples of cell-cell communication in the marine environment, including quorum sensing by marine bacteria [15, 16] , the role of PtNOA1 reveals one of the first examples of cell-death signals potentially acting both to reduce grazing pressure directly and to induce cell death in the grazed population. This new study by Vardi et al. [13] provides compelling evidence that chemical signals released by diatoms in a population may be perceived by others, potentially amplifying and spreading a message throughout the population. It is becoming more widely appreciated that PCD may have benefits for population growth and turnover of unicellular organisms (for example, see [3] ). While the detailed ecological implications of PCD in phytoplankton populations are still far from clear, it is very likely that the occurrence of PCD confers a selective advantage. In some cases this advantage may be obvious. For example, in certain dinoflagellates, activation of PCD pathways in response to oxidative stress under limited CO 2 availability has been shown to lead to spore formation and, potentially, dispersal of the population to a more favourable growth environment [17] . In diatoms, there is no evidence that PCD gives rise to any such dispersal mechanisms; however, there appears to be significant selective advantages associated with the removal of damaged or compromised cells from the population by allowing resource recycling to actively growing cells [3] . It is also possible that this may be part of a complex mechanism that reduces the numbers of cells available in regions of high grazer density, providing a secondary control of grazer population growth.
